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Aim: To identify novel small compound inhibitor of p53 protein. 

Methods: Mouse embryonic fibroblasts (MEF) and mouse embryonic stem (ES) cells were tested. Cell proliferation rate was determined 
using a Cell Proliferation Kit. The mRNA and protein levels of p53-related genes were measured using real-time PCR and Western 
blotting, respectively. Global response in the p53 signaling network was analyzed using lllumina whole-genome expression BeadChips. 
Results: Treatment of MEF cells with a small molecule l,4-ib/s-[4-(3-phenoxy-propoxy)-but-2-ynyl]-piperazine (G5) at 10 umol/Lfor 24 h 
markedly reduced the mRNA and protein levels of the p53 downstream genes MDM2 and p21. In G5-treated ES cells, a total of 372 
differentially expressed genes were identified, and 18 among them were direct downstream genes of p53; 6 out of 9 p53-repressed 
genes were upregulated, and 5 out of 9 p53-activated genes were down regulated. In both MEF cells and ES cells, treatment of with 
G5 (10 umol/L) up to 48 h neither affected the proliferation rate nor caused morphological alterations. 

Conclusion: G5 inhibits p53 activity and simultaneously preserves the normal growth and proliferation of cells, therefore is a new 
compound for studies of p53-mediated cell manipulation. 

Keywords: l,4-t)/s-[4-(3-phenoxy-propoxy)-but-2-ynyl]-piperazine; tumor suppressor protein; p53; p53 inhibitor; embryonic fibroblast; 
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Introduction 

The p53 protein regulates cell-cycle arrest, apoptosis, and 
senescence [1] . As the most important tumor suppressor, the 
normal function of p53 is vital for preventing the genome 
from accumulating mutations and for inducing reversible 
cell-cycle arrest or apoptosis in severely injured cells [2 ' 3] . In 
addition to the growth regulation and " genome guardian" 
functions of p53 in differentiated somatic cells, recent studies 
have shown that p53 plays essential roles in regulating stem 
cell homeostasis [4] and cell reprogramming [5] . The functions 
of p53 in regulating both the proliferation and differentiation 
abilities of stem cells have been characterized. Several lines 
of evidence have shown that p53 can restrict embryonic stem 
(ES) cell proliferation^ 1 , promote ES cell differentiation^ -91 and 
impede the reprogramming of differentiated somatic cells into 
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induced pluripotent stem cells [1011] . 

Because of the essential roles of p53 in regulating normal cell 
growth, stress and DNA damage response, as well as stem cell 
homeostasis and cell reprogramming, accurate manipulation 
of p53 activity will have an important effect on researchers 
related to cancer and many other diseases, as well as on stem 
cell biology and cell reprogramming. Thus, efforts have been 
made to identify small molecules that can activate or inhibit 
the activity of both wild type and mutated p53 [12_14] . However, 
the currently available small molecules that target p53 usually 
lead to complete inhibition or activation of p53 function [15_20] , 
resulting in abnormal cell behaviors. For example, it has been 
shown that the p53 inhibitor Pifithrin-a will arrest the cell 
cycle and suppress the self-renewal ability of embryonic stem 
cells [21] , whereas the global activation of p53 induced by the 
p53 activator nutlin leads to the rapid differentiation of human 
ES cells [8] . Thus, small molecules that can partially alter the 
activity of p53 without causing dramatic changes in cellular 
properties will be better tools for p53 manipulation and func- 
tional studies. 
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Here, we identified the small molecule G5 as a novel inhibi- 
tor of p53. G5 can effectively repress the transcriptional regu- 
latory activity of p53 in mouse embryonic fibroblasts (MEFs) 
and mouse ES cells, as shown by the corresponding expression 
changes in p53 downstream genes. However, inhibition of 
p53 by G5 did not impede the normal growth and prolifera- 
tion of these cells. 

Materials and methods 

Derivation and culture of mouse embryonic fibroblasts and 
mouse embryonic stem cells 

MEF cells were derived from CF1 mice as previously 
described [22] . The ES cell line (ESC2) was obtained according 
to a previous study [23] . All of the animal studies were per- 
formed according to the guidelines approved by the Beijing 
Association on Laboratory Animal Care. Cells were seeded 
into 96-well and 24-well plates, as well as 60-mm dishes (Corn- 
ing). MEF cells were cultured in DMEM supplemented with 
10% FBS, 0.1 mmol/L nonessential amino acids (NEAA), and 
0.1 mmol/L L-glutamine (Invitrogen). ES cells (ESC2) were 
cultured in DMEM supplemented with 15% FBS, 0.1 mmol/L 
p-mercaptoethanol, 1000 U/mL leukemia inhibitory factor 
(LIF) and 0.1 mmol/L NEAA. All of the cells were cultured at 
37 °C in a humidified chamber with 5% C0 2 (Thermo). Small 
molecules were dissolved at 20 mmol/L (storage concentra- 
tion) in DMSO (Sigma). Under conditions of serum starvation, 
MEF and ES cells were rinsed with lxPBS (Invitrogen). MEF 
cells were then transferred into serum-free medium consist- 
ing of DMEM supplemented with 0.1 mmol/L NEAA and 
0.1 mmol/L L-glutamine, and ES cells were transferred into 
serum-free medium consisting of DMEM with 0.1 mmol/L 
p-mercaptoethanol, plus 1000 U/mL LIF and 0.1 mmol/L 
NEAA. The cells were serum-starved for 24 h, and then 10 
|imol/L of the small compound was added to the serum- 
free medium and applied to the cells for continuous culture. 
Serum-free medium with 0.05% (v/v) DMSO was also applied 
to the control cells. The cells were observed and imaged using 
a Leica microscope. 

Cell proliferation assays 

The proliferation rate of the cells was determined using a Cell 
Proliferation Kit (MTT, Beyotime, Haimen, China) accord- 
ing to the manufacturer's instructions. Briefly, control MEF 
and ES cells (cultured in DMEM with 0.05% DMSO) and 
compound-treated MEF and ES cells (cultured in DMEM with 
10 jimol/L compound and 0.05% DMSO) were incubated in 
a 96-well plate with 100 uL of culture medium per well. Ten 
microliters of the MTT labeling reagent (final concentration of 
0.5 mg/ mL) was added to each well after 24 h or 48 h of cell 
culture. After incubating the plate for 4 h at 37 °C with 5% 
C0 2 , 100 uL of the MTT solubilization solution was added to 
each well, and the plate was incubated at 37 °C for another 4 h. 
The formation of purple formazan crystals, which are propor- 
tional to the number of metabolically active viable cells, was 
measured using microplate reader (Beckman Coulter DTX880) 
at a wavelength of 570 nm. 



RNA extraction and real-time PCR 

The total RNA of the control MEF and ES cells and the com- 
pound-treated MEF and ES cells were isolated using TRIzol 
Reagent (Invitrogen, USA) according to the manufacturer's 
protocol. Next, 1 |ug of RNA from each sample was extracted, 
reverse transcribed into complementary DNA (cDNA) using 
random primers, and subjected to real-time polymerase chain 
reaction (PCR). Real-time PCR was performed using the 
Stratagene Mx3000p QPCR System (Genetimes). The reactions 
were incubated in a 96-well plate at 95 °C for 10 min, followed 
by 40 cycles of 95 °C for 15 s and 60 °C for 1 min. All of the 
reactions were run in triplicate. The primer pairs used were 
MDM2 forward primer, 5'-CCCCGTGAAGGGTCGGAA-3' 
and reverse primer, 5'-GTTGGTATTGCACATTGGCCTGG-3'; 
p21 forward primer, 5'-CATTCAGAGCCACAGGCACC-3' and 
reverse primer, 5'-CCATGAGCGCATCGCAATC-3'; GAPDH 
forward primer, 5'-TCCCACTCTTCCACCTTCGATGC-3' and 
reverse primer, 5'-GGGTCTGGG ATGG A A ATTGTG AGG-3 ' . 

Western blot analysis 

Western blotting was performed as previously described [24] . 
Commercial antibodies for MDM2 (Santa Cruz catalog No 
965) and p21 (Epitomics catalog No 2990-1) were used in this 
study. 

Global gene-expression profiling analysis 

Total RNA was extracted from mouse ES cells using TRIzol 
Reagent (Invitrogen, USA) according to the manufacturer's 
protocol. Ten micrograms of biotin-labeled cRNA (antisense 
RNA) was hybridized to a GeneChip Mouse WG-6 2.0 expres- 
sion BeadChip. Three biologically replicated hybridizations 
were performed for the sample and control cells, respectively. 
After hybridization and washing, the gradation of the array 
chips was measured using a BeadArray Reader and converted 
into an expression signal using the Illumina Genome Studio 
V2011.1 software. The signal file created from each chip scan- 
ning was processed using the lumi package from Bioconductor 
for normalization and differentially gene expression analysis. 
Normalization was performed using the lumiExpresso method 
from the lumi package. The Mest and log-odds analyses of 
differential gene expression were performed using the empiri- 
cal Bays shrinkage of the standard errors towards a common 
value with a threshold P-value <0.05 and a fold change >1.3. 

Results 

Identification of G5 as a p53 inhibitor 

To search for effective inhibitors of p53, we first selected the 
coordinate structure of the human p53 protein as the recep- 
tor in a virtual screening approach (Figure 1). Approximately 
13000 compounds (Specs chemistry database; Delft, Nether- 
lands) were screened for their ability to bind to p53 using the 
docking algorithm Libdock (Accelrys Software Inc, San Diego, 
CA, USA). The 40 top-ranked molecules were selected as can- 
didate p53 inhibitors for cell assays. 

The MDM2 gene is a direct downstream target of p53 and 
has been used as a classical reporter of p53 activity for many 
years [12] . Thus, we selected MDM2 as a reporter of p53 activ- 
ity and measured the expression levels of the MDM2 gene and 
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Figure 1. Flow diagram of the in silico compound screening methodology. 
The chemical structure of G5 is presented. 



MDM2 protein in MEF cells after treatment with selected com- 
pounds. In the initial screen, we treated MEF cells cultured in 
DMEM supplemented with 10% FBS with 10 jimol/L of each 
candidate compound, in the absence of any medium change 
and drug replacement. After 24 h of treatment, we assayed the 
p53 activation level by MDM2 gene expression using real-time 
PCR. Among the assayed compounds, a small molecule called 
G5, l,4-Hs-[4-(3-phenoxy-propoxy)-but-2-ynyl]-piperazine 
(Figure 1), significantly reduced the expression level of MDM2 
by over 60% compared to the control MEF cells treated with 
the same concentration of DMSO (P<0.01, Student's Mest) 
(Figure 2A). These findings implicated G5 as a potential p53 
inhibitor. 

G5 repressed the expression of p53 downstream genes in MEF 
cells 

To further validate the function of G5, we examined the inhibi- 
tory ability of G5 on MDM2 expression at the protein level. 
Consistent with the expression change in MDM2 mRNA (Fig- 
ure 2A), a clear reduction in MDM2 protein levels were also 
observed in G5-treated MEF cells compared to the control cells 
(Figure 2B). 

To further examine the effectiveness of G5 and the feasibility 
of applying it to stem cell studies [25] , we examined its ability to 
suppress the p53-downstream gene p21. The expression levels 
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Figure 2. Inhibitory effects of G5 on the p53 downstream genes in MEF 
cells treated with G5 for 24 h. (A) The mRNA expression level of a p53 
downstream gene MDM2 in the control and G5-treated MEF cells. (B) The 
protein expression level of MDM2 in the control and G5-treated MEF cells. 
(C) The mRNA expression level of the p53 downstream gene p21 in the 
control and G5-treated MEF cells. (D) The protein expression level of p21 
protein in the control and G5-treated MEF cells. 



of both p21 mRNA and protein were remarkably repressed 
in G5-treated MEF cells compared to controls (Figure 2C and 
2D). 

G5 regulated global gene expression downstream of p53 
signaling pathways in ES cells 

To further evaluate whether G5 can induce a global response 
in the p53 signaling network in ES cells, we examined the 
gene expression profiles of G5-treated and control ES cells 
using Illumina whole-genome expression BeadChips. A total 
of 372 differentially expressed (DE) genes were identified 
in G5-treated ES cells compared to control cells using a fold 
change >1.3 and a P- value <0.05 (Student's Mest) as cutoffs. 
Among these genes, 18 were direct downstream genes of p53 
as identified by the Pathway Studio software (Figure 3A). Six 
out of nine p53-repressed genes were upregulated (Figure 
3B), and 5 out of 9 p53-activated genes were downregulated 
under G5 treatment (Figure 3C). It has been suggested that 
the repression of p53 activity can promote the pluripotency 
maintenance of ES cells [4] . From the microarray data, we also 
observed that the expression of genes facilitating differentia- 
tion, such as Sox21, which is a suppressor of the pluripotent 
gene Sox2 [26] , was repressed under G5 treatment. In contrast, 
the expression of several pluripotent factors, such as Klf4, 
Klf5 [27] and Medl2 [28] , was upregulated in G5-treated ES cells 
(Table 1). 

MEF and ES cells with G5 treatment displayed a normal 
proliferation rate 

It has been reported that the widely used p53 inhibitor 
Pifithrin-a induces the growth arrest of cells [21] . To examine 
whether G5 affects the proliferation ability of MEF and ES 
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Figure 3. Effect of G5 on the p53 signaling network in ES cells. (A) A diagram of the effects of G5 on p53 direct target genes in ES cells. p53 direct 
downstream genes and the regulatory relationship between p53 and downstream genes were identified using the Pathway Studio software (Ariadne 
Genomics, Inc). Genes with expression changes consistent with the reported regulatory relationship with p53 are shown in blue, and genes with 
expression changes inconsistent with the reported regulatory relationship with p53 are shown in orange. (B) Effect of G5 on the mRNA expression 
levels of p53-repressed genes. (C) Effect of G5 on the mRNA expression levels of p53-activated genes. In both B and C, the expression changes 
were calculated as the ratio of normalized expression values of genes in the G5-treated cells vs the control cells. The blue bars represent genes with 
expression changes consistent with the reported regulatory relationship with p53, orange bars represent genes with expression changes inconsistent 
with the reported regulatory relationship with p53. 



Table 1. The effects of G5 in modulating the expression of key pluripotent 
factors of mouse ES cells. The pluripotency inhibitory gene Sox21 is 
shown in bold. 





Expression 


Expression 


Fold 


Genes 


abundance 


abundance 


Change 




(G5) 


(Ctrl) 


(G5/Ctrl) 


Klf4 


398.27±33.47 


305.40±24.00 


1.30 


Klf5 


7301.65±158.88 


4677.32±331.57 


1.56 


Medl2 


340.78±18.44 


257.62±21.42 


1.32 


Sox21 


563.19±37.82 


837.11±92.81 


0.67 



cells, we treated these cells with 10 u.mol/L G5 dissolved in 
0.05% (v/v, concentration in final culture) DMSO and then 
characterized their morphology and monitored their repli- 



cative capacity. After 24 h of treatment, we found that the 
G5-treated MEF cells exhibited elongated and normal three- 
dimensional cell shapes, resembling typical fibroblast mor- 
phology, and showed no observable differences compared 
to control MEF cells treated with the same concentration of 
DMSO (Figure 4A). In addition, G5-treated ES cells showed 
no observable morphological differences from the ES cells 
cultured in the same DMSO concentration (Figure 5A). When 
examined at 48 h after treatment, no growth rate or morpho- 
logical differences were observed between the G5-treated and 
control cells for both MEF cells (Figure 4B) and ES cells (Figure 
5B). 

To further validate the observation that G5 treatment did 
not reduce the proliferation rate of MEF and ES cells, we per- 
formed the MTT assay. The optical density absorbance values 
(OD) of G5-treated MEF cells and the control cells measured 
at 570 nm were 0.21 and 0.20, respectively, after 24 h of treat- 
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Figure 4. Effects of G5 on the morphology and proliferation rate of MEF 
cells. (A) The morphology of MEF cells with and without G5 treatment 
after 24 h of serum starvation. (B) The morphology of the MEF cells with 
and without G5 treatment after 48 h of serum starvation. (C) Examination 
of the cell proliferation rate on MEF cells treated with G5 for 24 h and 48 h. 
The number of viable cells was determined using the MTT assay. 
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Figure 5. Effects of G5 on the morphology and proliferation rate of ES 
cells. (A) The morphology of ES cells with and without G5 treatment after 
24 h of serum starvation. (B) The morphology of ES cells with and without 
G5 treatment after 48 h of serum starvation. (C) Examination of the 
cell proliferation rate on ES cells treated with G5 for 24 h and 48 h. The 
number of viable cells was determined using the MTT assay. 



ment. After 48 h of treatment, the OD readings were 0.30 
and 0.28 in the G5-treated and control MEF cells, respectively 
(Figure 4C). There was no significant difference between the 
G5-treated and control groups (P 24h =0.83; P 48 h=0.82; P>0.05, 
Student's Mest). Similarly, the proliferation rate of the ES 
cells with and without G5 treatment had no significant differ- 
ence (P 24 h=0.57; P 48h =0.88; P>0.05, Student's f-test) (Figure 5C). 
These results demonstrated that G5 did not affect the prolif- 
eration rate of the cells. 

Discussion 

The p53 protein plays essential roles in regulating normal cell 
growth and preventing cells from DNA damage. Thus, accu- 
rate manipulation of endogenous p53 activity will be of great 
value for both basic and clinical studies. Here, we report the 
small molecule G5 as a novel p53 inhibitor that can decrease 
the activity of p53 protein without affecting the proliferative 
capacity of MEF and ES cells. 

Although several small compound inhibitors for p53 are 
available, they mostly impede on the normal growth of cells 
while repressing p53 activity. For example, the inhibitors 
Dicoumarol and HSP90 induce proteasomal degradation of 
the p53 protein [15_17] . The p53 inhibitor Pifithrin-a also globally 
blocks p53-dependent transcriptional activation [18, 19] . Such 
complete abolishment of p53 activity can alter the overall 
expression of p53 downstream genes, resulting in abnormal 
cell growth and an increased risk of cancer. Thus, compounds 



that can modulate p53 activity and, at the same time, maintain 
normal cell behavior are desirable. The small compound G5 
was identified in this study and partially meets these require- 
ments. We have demonstrated that in MEF and ES cells, the 
application of G5 significantly modulated the expression of 
p53 downstream genes and did not cause any observable 
defects in the cells. 

Recent studies have shown that repression of p53 activ- 
ity can preserve stem cell self -renewal and promote iPS cell 
generation. Thus, modulation of p53 by G5 may also be use- 
ful in stem cell related studies. In our pilot experiment, we 
observed that the expression of many p53 downstream genes 
were altered, which is consistent with the inhibitory effect 
of p53 under G5 treatment. Because some p53 downstream 
genes, such as p21 [29_31] , klf4 [32] , were also activated via p53- 
independent pathways, it is reasonable to suggest that some 
of these pathways exhibit expression changes that do not fully 
follow the expected pattern as they were solely regulated by 
p53. Consistent with previous reports of the negative roles of 
p53 in the promotion of ES cell pluripotency, we observed that 
the expression of several vital pluripotent factors were slightly 
upregulated in G5-treated ES cells. Moreover, similar to the 
results observed in MEF cells, these G5-treated mouse ES cells 
also demonstrated normal ES cell morphology and prolifera- 
tion rate. 

In summary, we identified a small compound, G5, that 
can inhibit p53 activity and simultaneously preserve the nor- 
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mal growth and proliferation of cells. G5 is therefore a new 
compound for studies of p53-mediated cell manipulation. 
G5 causes less damage to cells and potentially has broader 
applications than currently available p53-inhibitory small mol- 
ecules. 
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